Background/Aims: IFN-γ-inducible protein 10 (IP-10, CXCL10) has been widely demonstrated to be involved in chemotaxis, cell growth regulation and angiogenesis inhibition. It has been reported that CXCL10 expression is significantly increased in patients with MesPGN (Mesangial proliferative glomerulonephritis). However, the underlying mechanism of CXCL10 in MesPGN reminds unclear. Methods: Wildtype (Cxcl10 +/+ ) mice and Cxcl10-deficient (Cxcl10 -/-) mice were used to generate a murine model of MesPGN. The histological changes in glomeruli were examined by PAS staining (Periodic Acid-Schiff staining), and cell proliferation was detected by PCNA immunohistochemistry staining. The expression of cell cycle regulatory proteins was analyzed by Western blotting and the effects of CXCL10 on primary mouse renal mesangial cells (MRMC) proliferation were detected using the EDU assay. Furthermore, the specific mechanisms by which CXCL10 affected mesangial cells were investigated in vitro using a specific inhibitor. Results: Typical pathological phenotypes were observed in both mouse types, while the Cxcl10 -/-mice had lighter accumulation of extracellular matrix, less cell proliferation and diminished up-regulation of cell cycle regulatory proteins compared to Cxcl10 +/+ mice at day 7. Furthermore, we observed that CXCL10 inhibition resulted in less activation of ERK phosphorylation, and ERK pathway inhibition by a specific inhibitor, U0126, prevented CXCL10 induced MRMC proliferation and the activation of phosphorylated ERK. Conclusions: CXCL10 may aggravate mesangial proliferation in MesPGN by activating the ERK signaling pathway. These results provide a novel insight into the mechanism and potential therapy target of MesPGN.
Introduction
Mesangial proliferative glomerulonephritis (MesPGN) is a common kidney disease that includes IgA nephropathy (IgAN) and non-IgA MesPGN [1, 2] . MesPGN is known to be an autoimmune inflammatory disease, and it is well-defined by an increased cell number and extracellular matrix in the glomerular mesangium [3, 4] . Pathophysiological roles of chemokines and their cognate receptors have shed light on the detailed molecular mechanisms of glomerulonephritis. Recent studies on chemokines have expanded the understanding of their function beyond leukocyte migration to glomeruli, including homeostasis, development and injury of resident cells in glomeruli [5, 6] .
IFN-γ-inducible protein 10 (IP-10, CXCL10) is a small chemokine that belongs to the CXC chemokine family [7] . It can be secreted by leukocytes and tissue cells, including renal mesangial cells, in response to IFN-γ and acts through chemokine receptor CXCR3 [8] [9] [10] . It is constitutively expressed and up-regulated in a pro-inflammatory cytokine milieu [11] . The major function of CXCL10 is to selectively recruit immune cells at inflammation sites, but it also plays a role in cell growth and angiostasis [12] . In the last few years, strong experimental and clinical evidence has been obtained that supports CXCL10 is involved in the development of glomeruli diseases [13, 14] . In our previous study, we found that the expression level of CXCL10 was significantly increased based on the real-time PCR and Western blot results from Habu snake venom (HSV)-induced nephritis models (Habu nephritis). However, the exact role and specific mechanisms by which CXCL10 affected mesangial cells in MesPGN remained undefined.
To determine the function of CXCL10 in MesPGN, we used Cxcl10-deficient mice (Cxcl10 -/-) and wildtype (Cxcl10
) mice to generate a Habu nephritis model. The clinical features and cell proliferation were examined and analyzed. We found that Cxcl10 -/-mice exhibited a mitigated proliferation phenotype with lighter accumulation of the extracellular matrix and fewer cells in the glomeruli. In addition, the Western blot results showed that the expression levels of cell cycle regulatory proteins were higher in Cxcl10 +/+ mice than in Cxcl10 -/-mice. Furthermore, the specific mechanisms by which CXCL10 affected mesangial cells were investigated in vitro using cultured primary mouse renal mesangial cells (MRMC).
Materials and Methods

Animal model
Cxcl10
-/-mice were purchased from The Jackson laboratory (Stock No: 006087, USA) and wildtype C57Bl/6 mice were purchased from Vital River Laboratories (Beijing, China). All animals were housed in cages at constant room temperature (20 °C) and humidity (70%) under a controlled light-dark cycle in the Experimental Animal Center of the PLA General Hospital. A single intravenous injection of Habu snake venom (HSV, Wako Pure Chemical Industries, Osaka, Japan) at a dose of 2.5 mg/kg bodyweight was given to 6-8-week-old animals to generate a Habu nephritis model. Control mice (n=6) were injected with an equal volume of saline. The mice were sacrificed at 0, 1, 3, 7 and 14 days after injection (6 mice per group), and the renal cortex was isolated. Animal welfare and experimental procedures were performed in accordance with the Guide for the Care and Use of Laboratory Animals (National Research Council of USA, 1996).
Histological analysis
Kidney samples were fixed in 10% formalin and dehydrated using a graded ethanol series. Tissues were embedded in paraffin, sectioned and stained with periodic acid-Schiff (PAS) reagent. The numbers of cells in at least 20 glomeruli per murine kidney section were counted to quantify the degree of cell proliferation [15] . The mesangial hypercellularity index was used to assess the severity of hypercellular lesions as follows: 0, no hypercellularity, with fewer than three cells per mesangial area; 1, focal mild hypercellularity, <50% of glomeruli with three to five cells per mesangial area; 2, diffuse mild hypercellularity or focal segmental prominent hypercellularity, the latter with more than five cells per mesangial area; and 3, diffuse global prominent hypercellularity. 20 randomly selected glomeruli from the renal cortex of each mouse were scored [16, 17] .
Immunohistochemistry PCNA immunohistochemistry staining was used to detect cell proliferation. Paraffin sections (4μm) were deparaffinized in xylene and rehydrated in alcohol. Heat-induced epitope retrieval was performed prior to immunostaining for PCNA. Endogenous peroxidase activity and nonspecific binding in the sections was blocked by 3% hydrogen peroxide and normal serum. The presence of PCNA protein was immunohistochemically demonstrated in tissue specimens by the indirect avidin-biotinylated peroxidase complex method (Vecta-Stain Elite ABC Kit, Vector laboratories, Burlingame, CA, USA) with rabbit anti-PCNA Ab (Santa Cruz Biotechnology, USA). For negative controls, the primary antibody was replaced with phosphate-buffered saline (PBS). The PCNA positive rates were calculated as the number of positive cells relative to all glomerular cells.
Cell culture
Primary mouse renal mesangial cells (MRMC) were purchased from ScienCell Research Laboratories (Cat. #M4200-57, USA) and were maintained in Mesangial Cell Medium (MCM, Cat. #4201) supplemented with 10 ml of fetal bovine serum (FBS, Cat. No. 0010), 5 ml of mesangial cell growth supplement (MsCGS, Cat. No. 4252), and 5 ml of penicillin/streptomycin solution (P/S, Cat. No.0503) in a humidified 5% CO 2 atmosphere. Cells were synchronized by incubation with 0.1% FBS-MCM for 24 h. To determine the effect of CXCL10 on cell proliferation, the subconfluent quiescent cells were incubated with recombinant mouse CXCL10 (R&D, Cat. 466-CR/CF) at a concentration of 1, 10 or 100 ng/ml. Recombinant human PDGF-BB Protein (R&D, Catalog # 220-BB) at the concentration of 10ng/ml was used as a positive control. At 48 h after stimulation, MRMC cells were collected, and the relevant detections were performed.
Cell proliferation assay
Cell proliferation was analyzed with the Click-iT® Plus EdU Alexa Fluor® 555 Imaging Kit (Invitrogen, Cat. C10638) according to the manufacturer's instructions. In brief, cells were incubated in a 6-well culture plate and stimulated by recombinant CXCL10 for 48 h. Then, the medium was replaced by medium supplemented with optimized EDU at a concentration of 10 μM for 24 h. After treatment, cells were fixed with 4% formaldehyde, permeabilized with 0.5% TritonX-100, washed with 3% BSA in PBS, incubated with Click-iT® reaction cocktail for 30 min at room temperature and incubated with DAPI reaction buffer for 10 min at room temperature while protected from light. Cells were observed by fluorescence microscopy (Olympus, Tokyo, Japan). The nuclei of proliferating cells were then stained red.
Cell migration assay
Cells were seeded into 6-well plates and cultured under standard condition. When the cells reached confluence, the center of the culture dish was scratched with a 200μl pipette tip. After washing twice with PBS, the cells were incubated for 72 h with or without medium containing recombinant mouse CXCL10. Cell migration was determined by measuring the mean open wound area as a percentage of the initial wound area by phase contrast microscopy [18] .
Immunofluorescence
The cells were grown on the sterile coverslips and stimulated by recombinant CXCL10 for 48 h. The cells were fixed with 4% paraformaldehyde for 15 min and permeabilized using 0.2% Triton-X100 for 5-10 min. After washed with PBS, the cells were blocked with rabbit anti-Ki67 antibody (Abcam, USA) followed by Cy3-conjugated anti-rabbit secondary antibody (red). DAPI was used as a counterstain. The results were analyzed under the fluorescence microscopy (Olympus, Tokyo, Japan).
Western blot analysis
The glomeruli and cells were lysed in RIPA buffer containing a protease inhibitor cocktail (1 lg/ml leupeptin, 1 lg/ml aprotinin, and 100 μM PMSF) and centrifuged (30 min, 4 °C, and 15, 000 rpm). Protein concentrations were determined using a BCA Protein Assay Kit (Thermo Fisher Scientific, USA). In total, 30μg of total protein per sample was separated by 8-15% SDS-PAGE and then transferred to membranes, which were blocked with blocking buffer and incubated overnight at 4 °C with primary antibodies against cyclin D1, cyclin D3, CDK2, CDK4, CDK6 (Santa Cruz Biotechnology, USA), ERK, p-ERK (Cell Signaling Technology, USA), p21, p27 (Novus Biologicals, USA) and β-actin (Abcam, USA). The samples were then incubated with secondary antibody. Image J software was used for blot analysis. The intensities of the protein bands are presented as ratios to that of β-actin or total ERK, and data from the control group were arbitrarily set as 1.0.
Statistical analysis
All data analyses were performed using SPSS 11.0 software (SPSS Inc., Chicago, IL, USA). The data were expressed as the mean ± SD. Comparisons among the groups were conducted using ANOVA. P <0.05 was considered significant.
Results
Mitigation of extracellular matrix accumulation and cell proliferation in Habu nephritis murine glomeruli by blockade of CXCL10
To examine the role of CXCL10 in mesangial proliferative glomerulonephritis, we induced a Habu nephritis mouse model by administering a single intravenous injection of Habu snake venom (HSV) to both Cxcl10-deficient (Cxcl10 -/-) mice and wildtype (Cxcl10
After treatment with HSV, we quantified the expression of Cxcl10 mRNA at 0, 1, 3, 7 and 14 days in C57BL/6 wildtype mice. A marked increase expression of Cxcl10 mRNA was observed in whole kidney tissue, which was 26-fold over baseline levels at 3 d, and 20-fold at 7 d. (Fig. 1A) . We then determined the expression of CXCL10 protein by Western blot at the indicated times after HSV administration. CXCL10 protein was induced after injection in wildtype mice (Fig. 1B) , corresponding to maximal mRNA expression. PAS staining was preformed to assess the morphological changes in the glomeruli.
Both Cxcl10
-/-and Cxcl10 +/+ mice exhibited typical pathological phenotypes, mesangiolysis and mesangial proliferation. The mesangial dissolution appeared on day 1 with decreased cells, which peaked on day 3 with fibrinoid material deposition. Additionally, diffuse hypercellularity and mesangial matrix accumulation peaked at day 7 and decreased by day 14 after HSV injection (Fig. 1C) .
Compared with Cxcl10 +/+ mice, the Cxcl10 -/-group had lighter accumulation of extracellular matrix and fewer cells per glomerulus, especially at day 7. The difference was statistically significant. Additionally, there was no difference in the number of glomerular nucleated cells between the Cxcl10 +/+ and Cxcl10 -/-mice on day 0 (Fig.1D ). According to semi-quantitative analysis, the hypercellularity index significantly lower in the Cxcl10 -/-group than in the Cxcl10 +/+ group at day7 (Fig. 1E ). To clarify the proliferation promoting effect of CXCL10 in MesPGN, we used PCNA, proliferation cell nuclear antigen, to detect glomerulus proliferation among the Cxcl10
and Cxcl10 -/-mice by immunohistochemistry staining. The results showed that the cell proliferation rate began to increase from day 1, which peaked on day 7, and recovered on day 14 ( Fig. 2A) . Moreover, the numbers of PCNA-positive cells were counted in at least 20 glomeruli per mouse kidney section to quantify the degree of cell proliferation. The results showed that the Cxcl10 -/-mice (25.40%±1.77) expressed a lower percentage of PCNA positive cells than Cxcl10 +/+ mice (30.26%±1.31) at day 7 (p<0.05) (Fig. 2B) . These results suggested that CXCL10 played a role in the proliferation process in Habu nephritis.
CXCL10 deficiency diminished the up-regulation of cell cycle regulatory protein expression
The results shown above indicated that lack of CXCL10 reduced the proliferation of glomerular cells, implying that inhibition of the cell cycle might be responsible for the reduced proliferation. Therefore, we evaluated the expression of several key proteins involved in the cell cycle, such as Cyclin D1, Cyclin D3, Cyclin-dependent kinase 2 (CDK2), Cyclin-dependent kinase 4 (CDK4) and Cyclin-dependent kinase 6 (CDK6) in both groups. The results showed that all these protein expression levels were up-regulated on day 7 compared with day 0 in Cxcl10 +/+ mice, which were similar to the PCNA staining pattern. And the protein expression 
levels of Cyclin D3, CDK2, CDK4 and CDK6 were statistically increased on day 7 compared with controls in Cxcl10 -/-mice. While focusing on day 7, Cxcl10 -/-mice exhibited a lower (Fig.  3) . These changes indicated that CXCL10 mediates cell proliferation in MesPGN through regulating the cell cycle proteins.
CXCL10 stimulated cultured mouse mesangial cell proliferation and migration in vitro
In vivo experimental results indicated that CXCL10 played a proliferation role in MesPGN. To explore the direct role of CXCL10 in mesangial cell proliferation, we used recombinant mouse CXCL10 to stimulate cultured primary mouse renal mesangial cells (MRMC) in vitro. To this end, MRMC were serum-free starved for 24 h to deplete growth factors and they were then incubated with different concentration of recombinant CXCL10 protein, as described in the cell culture. PDGF-BB, one of the most effective growth factors of MRMC described thus far, was used as a positive control [13] . The proliferative response of MRMC to CXCL10 was observed 48 h after cytokine addition at concentration 1 to 100 ng/ml and reaching a plateau at 10 ng/ml. As shown in Fig. 4 , the percentage of EDU-positive cells and the number of Ki67-positive cells was significantly increased with administration of recombinant CXCL10 protein compared with controls. At least in this system, CXCL10 were less active than PDGF even at maximal effect (10 ng/ml).
Beyond proliferation, CXCL10 could also influence MRMC migration. Mesangial cells were cultured on tissue culture plates in the absence or presence of different concentrations of CXCL10 for 72 h after a central scratch was performed. The results showed that denuded areas were restored more rapidly in CXCL10-treated cells after scratching especially at concentration 10 ng/ml compared to control IgG-treated cells (Fig. 5) . These results indicated that CXCL10 can stimulate the proliferation and migration of MRMC in vitro.
CXCL10 modulates mesangial cell proliferation through ERK signaling pathways
The ERK pathway plays a critical role in modulating cell proliferation and survival. It can be activated in response to many soluble factors, including chemokines. Therefore, we detected the expression of phosphorylation ERK in both groups at day 7, which is the most obvious time of proliferation. ERK phosphorylation had the same increased pattern in these two groups, as assessed by Western blot, while Cxcl10 -/-mice exhibited less activation of ERK phosphorylation compared with Cxcl10 +/+ mice, which is consistent with the cyclin expression pattern (Fig. 6A&B) . Furthermore, we harvested the protein from CXCL10-treated mesangial cells and found that CXCL10 treatment markedly enhanced the expression Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry of phosphorylation ERK in MRMC. Next, ERK inhibitor U0126 was used to confirm the association between ERK phosphorylation and proliferation effect induction after CXCL10 treatment. As shown in Fig. 6C&D , phosphorylated ERK was significantly increased after treatment with CXCL10 for 48 h and was abolished by 30 minutes of pretreatment with 10μM U0126. These findings suggested that CXCL10 may activate the ERK pathway to modulate mesangial cell proliferation.
Discussion
Mesangial proliferative glomerulonephritis (MesPGN) is the most common type of glomerulonephritis in China [19] . Currently, the pathogenesis of MesPGN remains unclear, but it may be primarily related to genetic immune abnormalities and other factors. Our previous study found that the CXCL10 level was significantly increased in Habu nephritis models by real-time PCR and Western blot analysis. In this study, we explored the potential role and mechanisms by which CXCL10 affects mesangial cells in a murine MesPGN model and confirmed that the chemokine CXCL10 can regulate the mesangial cell proliferation through activating ERK signaling pathway.
MesPGN is characterized by mesangial cell proliferation that is accompanied by mesangial matrix expansion [19] . In general, the mesangial cells response to the pathological stimuli are associated with the following main events of glomerular injury: leukocyte infiltration, cell proliferation and fibrosis. It has demonstrated that glomerular injury may be mediated by adhesion molecules and chemokines, which can be locally synthesized and secreted by mesangial cells [3] . Anti-Thy1 antibody-induced glomerulonephritis in rats and Habu snake venom (HSV)-induced glomerulonephritis in mice are the classical experimental models that exhibit glomerular lesions similar to those of human MesPGN [20, 21] . Therefore, HSV was used to establish a murine model of MesPGN. PAS staining results showed the pathological process was consistent with previous reports in which there was a dissolution phenotype during the early stages of modeling, which was followed by mesangial proliferation and mesangial matrix accumulation that returned to normal on day 14 after HSV injection [22] .
Considering that an inflammation-related chemokine CXCL10 may play an important role in the pathological process of MesPGN, we used Cxcl10-deficient mice to generate the Habu nephritis model. Compared with the wildtype group, Cxcl10
-/-mice exhibited a light proliferation phenotype. Similar to the histological manifestations, the number of glomerular nucleated cells and the hypercellularity index increased more noticeably in the wildtype mice on day 7. This suggested that CXCL10 might be involved in cell proliferation in the MesPGN.
(C-X-C motif) ligand (CXCL)10/interferon (IFN)-γ-induced protein 10 (IP-10) belongs to the CXC subfamily chemokine containing a single and variable amino acid between the first two of four highly conserved cysteine residues and exerts its function through binding to the chemokine (C-X-C motif) receptor 3 (CXCR3) [7, 10, 23] . As the name implies, this chemokine can be secreted in response to interferon gamma (IFN-γ) induction by a wide variety of cell types, such as endothelial cells, fibroblasts, keratinocytes, monocytes, and T lymphocytes, but secretion can also be induced by lipopolysaccharide and pro-inflammatory cytokines, such as interferon alpha (IFN-α), interferon beta (IFN-β), and tumor necrosis factor-alpha (TNF-α), depending on the cell type [9, [24] [25] [26] [27] . CXCL10 has a wide spectrum of biological and physiological activities, including chemotaxis [28, 29] , induction of apoptosis [30] , regulation of cell growth and mediation of angiostatic effects [12, 31, 32] . Several studies have demonstrated that CXCL10 is involved in human glomerulopathy, including mesangial proliferative glomerulonephritis (GN), rapidly progressive GN, membranoproliferative GN, lupus nephritis, and nephrotoxic nephritis [14, [33] [34] [35] . More importantly, CXCL10 has been identified as a major biological marker that mediates the disease severity and may be utilized as a prognostic indicator, such as in renal-allograft dysfunction [36] , acute kidney injury [37] , and lupus nephritis [38] .
In previous study, Wu L et al. [39] used Mxi1-deficient mice, which were on FVB/N background, to generate Habu nephritis model and found that Mxi1 inactivation induced the expression of CXCL10 and aggravated the mesangial cell apoptosis. Habu nephritis mouse model is characterized by mesangiolysis and mesangial proliferation. Wu L et al. concerned about mesangial dissolution, which appeared on day 1, and suggested that CXCL10 induced Mxi1-inactivated mesangial cell apoptosis. However, other studies reported that CXCL10 can be secreted by mesangial cells and human mesangial cells (HMC) proliferation can be induced by CXCL10 stimuli [13, 14] . In our study, we used Cxcl10-deficient mice, which were on C57BL/6 background, to generate Habu nephritis model. We focused on mesangial proliferation, which peaked on day 7 after HSV injection and revealed that CXCL10 promoted the mesangial proliferation. These results suggested that the dominant role of CXCL10 in different stage of disease processes is various. In addition, difference in mouse strains and gene knockout may lead to complex genetic background and cause complicated manifestations, although this clearly needs to be studied in more detail.
To further investigate the differences in the proliferation level between Cxcl10 +/+ and Cxcl10 -/-mice, we used PCNA immunohistochemistry staining to detect the rate of proliferation in glomeruli and Western blot analysis to evaluate the expression levels of cell cycle regulatory proteins. The PCNA and cell cycle regulatory proteins are essential for understanding the mechanisms involved in controlling cell proliferation [40] . The results showed that the percentage of PCNA positive cells was higher in the Cxcl10 +/+ mice on day 7 compared with Cxcl10 -/-mice. The mechanism of cell cycle regulation is the reciprocity of cyclins, cyclin-dependent kinases (CDKs), and CDKIs. We detected the protein expression patterns of Cyclin D1, Cyclin D3, CDK2, CDK4 and CDK6. The results showed that Cxcl10 -/-mice exhibited lower expression of these cell cycle regulatory proteins than wildtype mice on day 7. However, no differences were found in the negative regulator of cyclin/CDK, p27 and p21 between the two groups (data not shown), which requires further investigation. These results supported that CXCL10 promoted mesangial cell proliferation in MesPGN.
Previous studies have reported that CXCL10 and its receptor, CXCR3, could activate several classical signaling pathways, including ERK MAPK (p44/p42 mitogen-activated protein Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry kinases) and PI3K (Akt/phosphatidylinositol-3-kinase), which are involved in regulation of cell growth [30, 41] . Fabio Marra et al. [42] and Mark O. Aksoy et al. [32] provided evidence that CXCL10 could activate the ERK cascade to modulate its biologic actions in hepatic stellate cells (HSC), human mesangial cells (HMC) and human bronchial epithelial cells (HBEC). To determine the specific mechanism by which CXCL10 modulates the pathological process of MesPGN, we detected the expression of phosphorylation ERK on day 7 using Western blot analysis. Cxcl10 -/-mice exhibited less activation of ERK phosphorylation compared with Cxcl10 +/+ mice. To establish whether the ERK pathways are critical for the CXCL10-mediated proliferation of mesangial cells, MRMC were treated with recombinant murine CXCL10. The results of the EDU proliferation assay confirmed that CXCL10 induced the proliferation of MRMC. Then, we treated MRMC with specific inhibitors of the ERK signaling pathways before adding CXCL10. In the presence of U0126, the expression of ERK phosphorylation in CXCL10-stimulated primary MRMC was completely inhibited, indicating that ERK activation is required for CXCL10-induced mesangial cell proliferation.
Conclusion
In this study, Cxcl10-deficient mice were used to generate a MesPGN model for the first time. Through comparisons with wildtype mice, we found that CXCL10 expression positively correlates with MesPGN mesangial cell proliferation. Furthermore, we verified the proliferation effect induced by CXCL10 through activating the ERK signaling pathway in vitro, and this finding reveals potential intervention targets for treating mesangial cell injury disease.
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